Background: The aim of the study was to investigate the effect of red blood cell (RBC) transfusion on hemodynamic parameters including transpulmonary thermodilution (TPTD)-derived variables. Methods: We compared hemodynamic parameters obtained before and after RBC transfusion (2 RBC units) in 34 intensive care unit (ICU) patients. Results: Directly after RBC transfusion, we observed a significant increase in hematocrit (28 ± 3 vs. 22 ± 2%, p < 0.001), hemoglobin (9.4 ± 0.9 vs. 7.6 ± 0.8 g/dL, p < 0.001), arterial oxygen content (CaO 2 ) (12.2 ± 1.2 vs. 9.9 ± 1.0 mL/dL, p < 0.001), and oxygen delivery (DO 2 ) (1073 ± 369 vs. 934 ± 288 mL/min, p < 0.001) compared with baseline. Cardiac output (CO) (8.89 ± 3.06 vs. 9.42 ± 2.75 L/min, p = 0.020), cardiac index (CI) (4.53 ± 1.36 vs. 4.82 ± 1.21 L/min/m
, p = 0.001) significantly increased directly after RBC transfusion. Global end-diastolic volume index (GEDVI), extravascular lung water index (EVLWI), and pulmonary vascular permeability index (PVPI) did not significantly change. Conclusions: In ICU patients, the transfusion of 2 RBC units induces a significant decrease in CO and CI because of a significant decrease in heart rate (while SV remains unchanged). Despite the decrease in CO, DO 2 significantly increases because of a significant increase in CaO 2 . In addition, RBC transfusion results in a significant increase in MAP and SVRI. No significant changes in TPTD-parameters reflecting cardiac preload (GEDVI), pulmonary edema (EVLWI), and pulmonary vascular permeability (PVPI) are observed following RBC transfusion.
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Background Anemia is a common finding in critically ill patients treated in the intensive care unit (ICU) [1] . Because anemia has been shown to be associated with increased morbidity and mortality [2] [3] [4] , it is usually treated with red blood cell (RBC) transfusion. However, also RBC transfusions have been demonstrated to be associated with organ failure and increased mortality [1, 4] . Current clinical practice guidelines for RBC transfusion therefore recommend a restrictive transfusion strategy (with a hemoglobin level of 7 to 8 g/dL used as a transfusion trigger) in hospitalized, stable patients [5] . However, there is still a considerable debate regarding risks and benefits of and indications for RBC transfusion, especially in critically ill patients [6] . Because there are very limited data on the impact of RBC transfusion on advanced hemodynamic parameters reflecting cardiopulmonary function, it was the aim of our study to investigate the effects of RBC transfusion on hemodynamic variables obtained using single-indicator transpulmonary thermodilution (TPTD) in ICU patients.
Methods

Study design and patients
This was a prospective study in ICU patients receiving RBC transfusions in a German university hospital. Patients (18 years of age or older) monitored using TPTD who received 2 units of RBC concentrates for treatment of anemia not related to acute hemorrhage were eligible for study inclusion. The indication for RBC transfusion was made independently from the study by the ICU physician in charge. During the study period, usually a hemoglobin value of about 7 g/dL was used as a transfusion trigger in our ICU. According to our ICU standard operating procedures, vasoactive agents were titrated to maintain a mean arterial pressure (MAP) above 65 mmHg. In patients included in the study, TPTD measurements were performed immediately before, directly after, and 2 hours after RBC transfusion. In parallel, data regarding respiratory function (arterial blood gas analysis and ventilator settings), central venous oxygen saturation (ScvO 2 ), and basic hemodynamic data such as systolic and diastolic blood pressure, MAP, heart rate, and central venous pressure (CVP) were recorded. Thirty-five patients were included in the study. One patient was not included in the statistical analysis because the central venous catheter was inserted via the femoral vein thus not allowing accurate determination of ScvO 2 , CVP, and TPTD-based cardiac preload parameters [7, 8] .
The study was approved by the institutional review board (Ethikkommission der Fakultät für Medizin der Technischen Universität München) and written informed consent was obtained from all patients or their legal representatives.
Arterial oxygen content and oxygen delivery
Arterial oxygen content (CaO 2 ) was calculated as follows: Oxygen delivery (DO 2 ) was obtained using the formula:
(CO, cardiac output)
Measurement of hemodynamic parameters
Cardiac index (CI), global end-diastolic volume index (GEDVI), systemic vascular resistance index (SVRI), extravascular lung water index (EVLWI), pulmonary vascular permeability index (PVPI), and index of left ventricular contractility (dPmax) were determined using single-indicator TPTD [9] [10] [11] [12] [13] [14] [15] [16] [17] . TPTD measurements were performed in triplicate as described before [ 
Results
Patients' characteristics
Thirty-four patients who received RBC transfusions (each RBC transfusion consisting of 2 units of RBC concentrates) were included in the final analysis. The demographic and clinical characteristics of these patients are presented in Table 1 .
Effect of red blood cell transfusion on hematocrit, hemoglobin, arterial oxygen content, oxygen delivery, arterial blood gas analysis, and central venous oxygen saturation
Compared with baseline, RBC transfusion resulted in a statistically significant increase in hematocrit, hemoglobin, CaO 2 , and DO 2 when determined directly after and 2 hours after the transfusion (Table 2) . PaO 2 , arterial partial pressure of carbon dioxide (PaCO 2 ), SaO 2 , and ScvO 2 were not statistically significantly different before and after RBC transfusion.
Effects of red blood cell transfusion on hemodynamics
The effects of RBC transfusion on hemodynamic variables measured directly after and 2 hours after the transfusion are presented in Table 3 . CO and CI were statistically significantly lower directly after and 2 hours after RBC transfusion compared with baseline. Since there was no statistically significant RBC transfusion-induced change in SV, the decrease in CO/CI is explainable by the significant decrease in heart rate. Whereas MAP and SVRI significantly increased directly after RBC transfusion, the TPTD-derived cardiac preload parameter GEDVI did not significantly change. Following RBC transfusion, there was no significant change in CPI and dPmax compared with baseline values. In addition, RBC transfusions did not significantly alter EVLWI or PVPI. In patients with the need for norepinephrine therapy, the vasopressor dose was lower after RBC transfusion compared with baseline (baseline: 0.07 (0.03-0.10) μg/kg/min, after RBC transfusion: 0.05 (0.02-0.08) μg/kg/min, p = 0.051).
Discussion
In this study, we evaluated the effects of RBC transfusion on advanced parameters of cardiopulmonary function obtained using TPTD in ICU patients. Following the transfusion of 2 units of RBC concentrates, CO and CI were significantly lower compared with baseline values, because RBC transfusion resulted in a significant decrease in heart rate while no statistically significant change in SV was observed. Despite the decrease in CO, we observed a significant increase in DO 2 due to a significant increase in CaO 2 . Whereas MAP and SVRI significantly increased directly after RBC transfusion, there was no statistically significant change in CPI, dPmax, and the TPTD-derived cardiac preload parameter GEDVI compared with baseline values. No significant changes in parameters reflecting Reason for intensive care unit treatment
Liver cirrhosis/acute liver failure, n (%) 13 (38%)
Acute respiratory insufficiency/pneumonia, n (%) 11 (32%)
Severe sepsis/septic multiple organ dysfunction syndrome, n (%)
Clinical characteristics on day of red blood cell transfusion
Therapeutic Intervention Scoring System, points 22 ± 9
Mechanical ventilation, n (%) 23 (68%)
Norepinephrine therapy, n (%) 13 (38%)
Data are presented as absolute and relative frequencies (categorical data), mean ± standard deviation (normally distributed continuous data), or median and 25%-75% percentile range (not normally distributed continuous data). pulmonary edema (EVLWI) and pulmonary vascular permeability (PVPI) were observed following RBC transfusion. The finding that CO/CI are significantly lower following RBC transfusion might be explained as follows. Our results demonstrate that the increase in hemoglobin concentration following RBC transfusion results in an increase in CaO 2 as well as in an increase of MAP and SVRI. The RBC transfusion-associated improvement of tissue oxygenation (i.e. increase in CaO 2 ) might attenuate the anemia/hypoxemia-induced sympathoadrenal response [19] and might therefore result in a decrease in heart rate in patients treated with RBC transfusion. In parallel with the decrease in heart rate, CO/CI also decreases because SV remains unchanged after RBC transfusion. Since MAP increases in parallel with a decrease in heart rate, no change in CPI can be observed when measured directly after RBC transfusion.
In our study, we recorded hemodynamic data before, directly after, and additionally 2 hours after RBC transfusion. Interestingly, while arterial pressure values (MAP, systolic and diastolic blood pressure) were statistically significantly higher when determined directly after RBC transfusion compared with baseline values but not when measured 2 hours after the transfusion, the RBC transfusion-associated effects on CO/CI were even more pronounced 2 hours after than directly after transfusion. This finding demonstrates that the observed effects on cardiac function are not only short-term effects (e.g., resulting from a volume resuscitation effect of RBC transfusion), but are the result of complex RBC transfusioninduced changes of central hemodynamic parameters.
At first glance, it is surprising that we did not observe a significant increase in the cardiac preload parameter GEDVI following transfusion of 2 RBC units. In addition, the statistically significant increase in CVP (16 ± 7 to 17 ± 7 mmHg) seems to be of very limited clinical relevance. However, patients included in the trial were in a state of isovolemic anemia, because anemia due to acute hemorrhage was an exclusion criterion in our study. Furthermore, patients included in the study had in large part been treated in the ICU for a longer time period before study inclusion (including volume resuscitation guided by advanced hemodynamic monitoring using TPTD). Since the hematocrit level markedly and significantly increased following RBC transfusion whereas cardiac preload parameters remained unchanged, we hypothesize that in our patients a part of the additional blood volume was shifted from the central circulation to capacity vessels. Considering the fact that SVRI is not a directly measured but a calculated parameter (derived from the formula SVRI = (MAP -CVP)/CI x constant), the finding that SVRI increased following RBC transfusion is a logical mathematical result associated with the observed changes in MAP, CVP and CI.
Despite the significant increase in CaO 2 and DO 2 , ScvO 2 remained unchanged following RBC transfusion compared with baseline values in our study. Considering previous data [20] , one might speculate that a reduction in oxygen extraction following RBC transfusion can explain the finding that ScvO 2 did not increase after RBC transfusion. However, to definitely interpret this finding, one would need to exactly know oxygen extraction (and therefore oxygen consumption) in addition to DO 2 before and after RBC transfusion. Unfortunately, we are not able to calculate oxygen consumption because we did not use a pulmonary artery catheter for hemodynamic measurements in our study and therefore are unable to report mixed venous oxygen saturation (SvO 2 ) values. Therefore, although ScvO 2 might be used as a surrogate marker for SvO 2 , we are not able to draw definite conclusions about oxygen extraction and the finding that ScvO 2 was not influenced by RBC transfusion.
In a previous study [20] , Gramm et al. studied the hemodynamic effects of RBC transfusion in 19 patients using a pulmonary artery catheter. In contrast, we used TPTD to determine hemodynamic variables in our trial. Besides this, several differences between our study and the study of Gramm et al. regarding the study design as well as the results need to be mentioned. First, Gramm and colleagues studied 19 mechanically ventilated surgical patients with sepsis, whereas we investigated a mixed and unselected ICU population. In accordance with our results, Gramm et al. observed a significant increase in CaO 2 and a significant decrease in heart rate. Furthermore, DO 2 also markedly increased following RBC transfusion in their study. However, in contrast to our data, this increase in DO 2 was not statistically significant. In addition, contrary to our findings (demonstrating a RBC transfusion-induced decrease in CO and CI), CO and CI were not significantly different after transfusion of RBC in the study by Gramm and colleagues. This might be due to the fact that they solely included septic patients in whom a hyperdynamic hemodynamic state (with high CO) can regularly be observed.
Transfusion-related acute lung injury (TRALI) has been described as an important and severe adverse effect of RBC transfusion in critically ill patients [21] [22] [23] [24] . In TRALI, the pulmonary vascular permeability is increased following transfusion of blood products resulting in pulmonary edema not associated with other factors like sepsis, volume overload, or heart insufficiency [21] . Because of the limited number of patients included in our trial and because of the fact that the patients received only 2 units of RBC concentrates each, rigorous conclusions about TRALI cannot be drawn from our study. However, according to TPTD-derived parameters, in our study, there was no sign for transfusion-related pulmonary fluid overload, because no statistically significant changes in TPTD-derived markers of pulmonary edema (EVLWI) and pulmonary vascular permeability (PVPI) were observed following RBC transfusion.
For TPTD measurements, we used the PiCCO technology in our study. This technology for advanced hemodynamic monitoring allows the determination of various cardiopulmonary parameters (among others CI, GEDVI, SVRI, EVLWI, PVPI, and dPmax) based on the principles of TPTD and pulse contour analysis [9] [10] [11] [12] [13] [14] [15] [16] [17] 25] . Therefore, TPTD can be used to assess a patient's cardiac function, cardiac preload, and pulmonary fluid status [18] . Although the PiCCO system is less invasive compared to a pulmonary artery catheter, the TPTD technology requires the insertion of a central venous catheter and the placement of an arterial catheter in the abdominal aorta through the femoral artery [25, 26] . In addition, some further limitations of the technology have to be mentioned. For accurate determination of pulse contour analysisderived hemodynamic variables, the system needs to be re-calibrated regularly by using TPTD [27] . Valvulopathies can influence and adulterate TPTD-derived volumetric cardiac preload variables [28] . Furthermore, there are data indicating that the TPTD technology might be further improved by using a more differentiated view regarding the definition of normal ranges and regarding the indexation of TPTD-variables to biometric parameters [29] [30] [31] .
The results of our study contribute to the understanding of the effects of RBC transfusion on hemodynamic parameters. However, as mentioned before, although we used an advanced hemodynamic monitoring system for study measurements, our approach does not allow drawing definite conclusions about the impact of RBC transfusion on oxygen extraction and oxygen transport. Therefore, larger studies on this subject allowing the determination of oxygen extraction calculated using oxygen consumption are needed in the future to learn more about the impact of RBC transfusion on oxygen transport. More data in this area are needed, to have a more differentiated view on transfusion triggers in critically ill patients.
Limitations of the study
The low number of patients studied and the fact that we performed our study in a single ICU, are limitations of our study. Furthermore, the use of vasoactive drugs during RBC transfusion and study measurements might have influenced the results regarding CO.
Conclusions
In ICU patients, transfusion of 2 RBC units induces a significant decrease in CO and CI because of a significant decrease in heart rate (while SV remains unchanged). Despite the decrease in CO, DO 2 significantly increases because of a significant increase in CaO 2 . In addition, RBC transfusion results in a significant increase in MAP and SVRI. No significant changes in TPTD-parameters reflecting cardiac preload (GEDVI), pulmonary edema (EVLWI), and pulmonary vascular permeability (PVPI) are observed following RBC transfusion.
Key messages
-Anemia is a common finding in intensive care unit patients and is usually treated with red blood cell transfusion. There are limited data on the impact of red blood cell transfusion on advanced hemodynamic parameters reflecting cardiopulmonary function. -According to our results, in ICU patients, the transfusion of 2 red blood cell units induces a significant decrease in cardiac output and cardiac index because of a significant decrease in heart rate (while stroke volume remains unchanged). In addition, red blood cell transfusion results in a significant increase in mean arterial pressure and systemic vascular resistance index. -Despite the decrease in cardiac output, oxygen delivery significantly increases because of a significant increase in arterial oxygen content. -No significant changes in transpulmonary thermodilution-derived parameters reflecting cardiac preload, pulmonary edema, and pulmonary vascular permeability are observed following red blood cell transfusion.
